The design and development of a compact wireless gas sensor with a surface modified multiwalled carbon nanotube ( f -CNT) chemiresistor as the sensing element is presented in this paper. f -CNT/polymer composite sensing film is patterned on a printed circuit board and is integrated to the wireless system. The change in resistance of the CNT/polymer composite film due to exposure of different gases is utilized as the principle of this gas sensor. The response for different organic vapors are evaluated and it is observed that the f -CNT/PMMA composite film shows fast response and change in resistance of the order of 10 2 -10 3 due to its surface modification.
Introduction
Advancements in microtechnology and the evolution of new nanomaterials and devices have been playing a key role in the development of very accurate and reliable sensors. The technology of microsensors has developed tremendously in the last decade by joining many scientific achievements from various disciplines, offering newer challenges and opportunities. The quest for ever smaller devices capable of molecular level imaging and monitoring of pathological samples and macromolecules has lately gained the focus of attention of the scientific community, particularly for remote monitoring, due to the increasing need for environmental safety and health monitoring.
Gas sensors generally operate different principles and various gas sensing elements have been developed for the past years, out of which resistive metal oxide sensors comprise a significant part. However these sensing elements typically operate at an elevated temperature for maximum performance. This may cause higher power consumption, which is not suitable for wireless applications. Over the last decade carbon nanotubes (CNTs) have attracted considerable attention, and great efforts are being made to exploit their unusual electronic and mechanical properties. These properties make them potential candidates for building blocks of active materials in nanoelectronics, field emission devices, gas storage and gas sensors [1] [2] [3] . Among these, the room temperature gas sensing property is very attractive for many applications [4, 5] . The large surface area provided by the hollow cores and outside walls in nanotubes gives them very large gas absorptive capacity. Interaction with any gas can change the electrical properties of CNTs at room temperature. Also they have fast response and good reversibility [6] .
The electrical, optical and mechanical properties of CNT/polymer composites are a field of intensive research for the last few years. The presence of nanotubes as a structural element in nanocomposites has improved the material properties, and hence they have a wide variety of applications in optoelectronics and material reinforcing [7, 8] . Recently, several authors have explained the electrical properties of composites in which CNTs are dispersed in an insulating polymer matrix based on percolation theory [9] [10] [11] [12] . The use of CNTs in a polymer composite is found to reduce the percolation threshold to a very low filler volume than in the case of carbon black/polymer matrix. The enhancement of interfacial interaction between nanotubes and polymers can be achieved by surface modification of the nanotubes. Oxidation of the nanotubes produces COOH and OH groups along the sidewall and the caps of the CNTs. These functional groups can physically interact with functional groups in the matrix, resulting in a strong interfacial adhesion and a better dispersion of surface modified CNTs in the polymer matrix. The polar groups on the nanotube surface also increase by adsorption of solvent molecules and give better response.
In this paper we present the design and experimental results of a miniature wireless gas sensor utilizing the effect of a CNT/PMMA nanocomposite chemiresistor for the detection of organic vapors. Using surface modified CNTs ( f -CNTs), we fabricated chemiresistor thin films on a printed circuit board integrated to a wireless system using signal conditioning circuits. The gas detection principle is based on the change in electrical resistance of the thin films due to the presence of organic vapors.
CNT/PMMA sensor film fabrication and measurements
Carbon nanotubes were synthesized by the decomposition of acetylene gas by microwave CVD at 600
• C with fine iron (III) nitrate as catalyst [13] . This method is based on the pyrolysis of acetylene by microwave heating on nano-sized catalyst particles embedded in magnesium carbonate, which serves as a catalytic support. This method is capable of producing raw nanotubes about 60-80% in purity. The average diameter of these multi-walled CNTs ranges from 10 to 15 nm.
The nanotubes were oxidized using potassium permanganate with the help of a phase transfer catalyst [14] . The higher yield of this functionalization process is the major advantage. Purified nanotubes (0.12 g) and dichloromethane (25 ml) were added to a 100 ml flask and the suspension was vibrated ultrasonically for 30 min. Phase transfer agent (1.0 g, Aliquat 336, from Aldrich) was added, followed by powdered potassium permanganate (5 g) in small portions over a period of 2 h. Acetic acid (5 ml) was also added. The mixture was then stirred vigorously overnight at room temperature. It was then filtered, washed with concentrated HCl and water and then dried.
CNT/PMMA composite films were prepared by ultrasonication of 20 mg of CNTs or f -CNTs and 80 mg of PMMA for 2 h in dichloromethane. The chemiresistors were fabricated by coating the film between two interdigital (IDT) fingers as well as two conducting lines on a printed circuit board by dip coating. The sensors were dried in air at 50
• C. The changes in the electrical parameters were measured by exposing the thin film chemiresistors into different solvent vapors inside a gas chamber. The vapor pressure of all solvents was controlled at 25
• C. In order to evaluate the electrical responses of the chemiresistors before they were integrated to the wireless system, the resistance variation of the sensor film was measured by exposing to various gas vapors. The measurements were repeated for different gases, and when electrical resistance reached a maximum value, the measurements continued by exposing to air.
These chemiresistors were integrated to a wireless system and exposed to the vapor for 5 s duration; they were then exposed to air to attain the initial value. A photograph of the wireless sensor assembly is shown in figure 1.
Wireless system design and sensor integration
A schematic diagram of the wireless gas sensor is shown in figure 2 . The change in resistance of the chemiresistor is converted to change in voltage using OP-AMP signal conditioning circuits connected to the microcontroller unit. The wireless system consists of a sensing unit and a monitoring system which is a Windows application running on any computer as shown in figure 2 .
The microcontrollerbased sensing unit interfaces to up to five different sensors and is capable of acquisition, digitization and wireless transmission of the signals using the Bluetooth standard. The Bluetooth protocol stack was built for the sensing unit with a microcontroller and Ericsson ROK101 007/21E point-topoint Bluetooth module as well as the monitoring unit using a notebook computer [15] . 
Results and discussions

Response of composites to various organic vapors
The responses of the chemiresistors were characterized for different gases by measuring the change in resistance due to exposure of gases. We used dichloromethane, chloroform, acetone, methanol, ethylacetate, toluene and hexane. It was observed from the measurements that each solvent had its own impact on the variation of resistance, which is good for the detection and identification of gases. Measured results of dichloromethane, chloroform and acetone vapors are presented in figure 3 . Among these solvents, dichloromethane showed a large increase in resistance while hexane did not respond at all. It was also observed that the variation of resistance for f -CNT/PMMA composite was higher for chloroform and The responsiveness, S, of the composites to various solvents can be determined from the equation [16] 
where R 0 is the initial resistance value, and R is the maximum steady state response value. The responsiveness of the sensor was calculated for different vapors and is presented in table 1. Figure 4 presents the wireless data measured using the notebook PC for the dichloromethane. The measurements were taken by periodically exposing the sensor in dichloromethane gas for about 5 s. It can be seen from the figure that the response of the sensor is fast and it returns to the initial level immediately after removing the gas. Measurements were repeated for acetone gas, and the result is presented in figure 5 .
Sensing mechanism of the chemiresistor
The electrical response of the CNT/PMMA chemiresistor to organic solvents can be explained by following mechanisms.
(a) It has been reported that the conducting paths are formed inside the CNT/polymer composites due to quantum mechanical tunneling effects, where the distance between the conducting sticks is such that electron hopping can occur [9] [10] [11] [12] . The contact resistance between carbon nanotubes increases owing to an increase in distance between adjacent nanotubes. Swelling of the polymer matrix due to the absorption of organic vapors may also increase the volume and thus increase the distance between the nanotubes, thereby increasing the contact resistance. The extent of swelling and hence the electrical response depends on the solubility of the polymer in the solvent. (b) Alternation of electronic properties of the semiconductor CNT surface by charge transfer induced by adsorption of polar organic molecules [17] [18] [19] . The adsorption of such molecules is due to the polar nature of the surface as well as that of the solvent molecule, as shown in figure 6 . The CNT surface contains polar functional groups which can adsorb solvent molecules.
The response of the composite films to solvents like dichloromethane, chloroform and acetone, which are good solvents for PMMA, was high. The response was found to be irrespective of the polar nature of the solvent molecule. This shows that the predominant mechanism for the response of vapors of good solvents of PMMA is matrix swelling. Solvents in which PMMA is insoluble or less soluble, like methanol, ethyl acetate and toluene, also showed sensor response. In such cases (b) becomes predominant. Here the polar nature of the solvent and the extent of interaction determine the sensor response. The methanol vapors which can form hydrogen bonding with the polar groups on the CNT surface showed the maximum response of the three. But this mechanism can induce only a small response. Hexane is not a good solvent as well as being non-polar, and hence it did not show any response.
Conclusions
A compact wireless gas sensor based on a CNT/PMMA composite chemiresistor has been developed and the experimental results are evaluated. The gas detector works based on the change in resistance of the chemiresistor composite film due to exposure to the gases. The response of the wireless sensor for gases like dichloromethane, acetone, and chloroform was measured. The physical property of the chemiresistor is explained based on volume expansion and polar interaction of the CNT surface with vapor molecules. The f -CNT composite shows better response and reversibility to organic vapors compared to CNT composite. The difference in response of the chemiresistor for different gases can be utilized for the identification of gases; this is in progress. The application of this technology can be extended to develop many accurate and reliable wireless gas sensors for indoor air quality monitoring, carbon monoxide detectors, automobile exhaust monitoring, gas leak detectors, home food spoilage monitors, and smoke detectors.
